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FLOWCOMPRESSORANDA 3-S’I!ME

AEROIIAUTICS

A 16-STAGEAXIAL-

TURBINE

By JohnJ:RebeskejJr.,andJsmesF. Dugan,Jr.,.

SUMMARY

Componentperformancedataforonemodificationof a 16-stagecom-
pressoranda 3-stageturbinewereusedto determinethematchedperfonu-
ancecharacteristicsofanenginehavingthesecomponents.Theturbine
power-limitlineandequilibriaoperatinglinesforexhaust-nozzleareas
of360,395,420,6C0,and@squsreinchesweredetermined.Matchedper-
formancecharacteristicsweredeterminedforleakagesof0, 2,and5.5
percent.Operationinthesuxgeregionwasinvestigatedforoneavailable
experimentalpetit.

Thecompressorsurgelineandtheinfiniteexhaust-nozzle-areaequil-
ibriaoperatinglinerestrictedtheregionofmatchedcompressor-turbine

●
operation.Somemeans,suchas compressor-exitbleed,wouldbe required
forthisengineto acceleratethroughtheintermediatespeedrange.Oper-
ationwitha chokedexhaust-nozzleareagreaterthan467squsreinches

. resultedinturbinelimitingloadingandlowturbineefficiencywitha
correspondingreductioninenginethrust.Turbineefficiencyvaried
between78and82percentforlow-speedoperationalongthe600-and
420-square-inchexhaust-nozzle-areaequilibriumoperatinglines.The
compressorefficiencyvariedbetween58 and66percent.Foroperation
above83percentdesignspeedalongthe395and360squareinchoperating
lines,theturbineefficiencyvariedbetween81.5and83percent,whereas
thecmrpessorefficiencyvsriedbetween80and85percent.Fora speci-
fiedcompressorspeedandturbine-inlettemperatureexhaust-nozzlearea
increased,compressorpress~eratiodecreased,andenginethrust
decreasedwithincreasingleakage.Considerationof oneexperimental
pointinthesurgeregionshowedthata matchpointwasimpossiblebecause
theturbinepressureratiocorrespondingto therequiredpowerexceeded
theavailablecompressorpressureratio.

INTRODUCTION
● Aspartof a studyofhigh-pressure-ratiomultistageaxial-flowcorn- -

pressersmd turbinesan investigationwasconductedattheNACALewis
. laboratorytodeterminematchedperformancecharacteristicsof oneversion
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of a 16-stagecompressorwitha 3-stageturbinefora highpressure
ratioturbojetengine.Theperformancecharacteristicsof severalver- -
sionsof thecompressorsregiveninreferences1 and2. Thecompressor _ “ .:
performancepresentedinreference2 as configurationC waschosenfor
thismatchingstudy,becauseforthemodificationsinvestigated,this
compressorgavea goodcompromiseincompressorefficiency,pressure
ratio,surgecharacteristics,andweightflowovera rangeof equivalent
speedsfrom30 to100percentofdesign.Theperformancecharacteristics ~
of thiscompressorarematchedtotheperformancecharacteristicsof a
the3-stageturbinedescribedinreference3.

CJl

Thepurposeofthismatchingstudyis: —

(1]To determinehowwellthecomponentperformancecharacteristics
ofa particularcompressorandturbineme matchedin anengine,
andtopointoutproblemsencountered.inmatchinga single-spool
compressorwitha turbineina high-pressure-ratioengine

(2)To determinetheeffectof leakagebetweencompressorandtur-
bineon engineperformance —

(3)To investigateengineoperationatonepointinthesurgeregion _

Equilibriumoperatinglinesaredeterminedfromthecomponentper-
formancecharacteristicsforassumedengineoperatingconditionsof zero
flightspeed,variouseffectiveexhaust-nozzleareas,andvariousval-

● _

uesof leakagebetweenthecompressorandtheturbine.Engineoperation
alongtheseequilibriumoperatinglinesfrom50to 100percentM design .
speed,ud theeffectofleakageonpredictedengineoperationare
discussed.

SY14K)LS

The followingsymbolsareusedinthisreport:

A area,sqin.

Cv velocitycoefficient

f ratiooffuelflowto airflow

g accelerationdueto gravity,32.174ft/gec2

fsE stagnationenthalpychsngejBtu/lb

J mechanicalequivalentofheat,778.16ft-lb/Btu
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. K

M

N

Pa

P

P’

R

T,

v

v
cr

r

e.

.

constant, 60J/2fi,

Machnumber

(see)(ft-lb]/(min)(Btu]

rotativespeed,rpm

powerforaccessoriesandfrictionlosses,ft-lb/min

staticpressure,lb/sqf%

stagnationpressure,lb/sqft

gasconstant, ft-lb/(lb)(%)

stagnationtemperature,%

velocfty,ftjsec

criticalgasvelocity,~(~/T + 1) gRT’,ft/sec

weight flow,lb/see

leakageweightflow,lb/see

‘ofunctionof gamma,~
e

torque,lb-ft

. Ye
r=

()ye+l

Ye

ratioof specificheats

ratioof stagnationpressuretopressureatNACAstandardsea-
levelconditions,p’/2ll6(lb)/(sqft]

efficiency

stagnationtemperatureratio,T’/5l8.4,‘R

squsredratioof criticalvelocityto critfcalvelocityatIQWA

d)

Vm 2
stantidsea-levelconditions,—

vCr,o
xi : “ ‘:z” +--

3
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Subscripts:

o

1

2

3

4

5

c

cr

e

t

NACAstandsrdsea-levelconditions

compressorinlet

compressoroutlet

turbineinlet

turbineoutlet

exhaust-nozzle

compressor

critical

outlet

equivalentoperatingconditions

turbine

PROCEOURE

NACARME52E18

Equilibriumoperationof a compressoranda turbineasa directly
coupledunitin a turbojetenginerequiresthatfourconditionsbe
satisfied:

.

.

-.

.

(1)Thecompressorrotativespeedmustequaltheturbinespeed.

(2)Theairweightflowintothecompressorplusthefuelweight
flowaddedintheburnersminusanyleakagebetweenthecompressorand
theturbinemustequeltheweightflowintotheturbine,whenno air
isbledfromtheengine.

—
—

(3}Theturbinepower,ortorque,mustequalthepower,ortorque,
requiredto drivethecompressorandtheauxilisryequipmentendto
overcomemechanicallosses.

(4)Theover-sll.pressureratioresultingfromram,compressor
compression,andpressurelossintheburnersmust equaltheover-all
pressureratioacrosstheturbine,thetailpipe,andthejetnozzle.

Theseconditionsforequilibriumoperationof a compressoranda
turbinein a jetenginearerestatedinthefollowingequations(see
appendixA forequivalentturbineparameters):

—
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(1)

(2]

(3)‘c ‘a
~+N53

(4)

thecomponentcharacter-In calculatingtheengineperformancefrom
isticsandtheforegoingequations,NACAstandardsea-levelconditions
atthecompressorinletwereassumedinadditiontothefoU.owing
conditions:

a Ram-pressureratio,p~/po. . . . . . . . . . . . . . . . . . . 1.0
Burnerpressureratio,p;/p;. . . . . . . . . . . . . . . . . .97

. Stagnation-pressurelossintailpipeat M5=1.0,p&/p~ . . . . .97
Fuel-airratioconstantoverrangeof ‘:~f “ “ ● “ “ “ “ “ ●

.02
Ratioof specificheatsforg= flowinturbineandtail
pipe,y. . . . . . i.. . . . . . . . . . . . . . . . . . . 1.32

Torqueto driveauxiliaries,Pa/Ni53,lb-ft. . . . . . . . . . 3.0

No attemptwasmadeb correctthecold-airturbineperformancefor
changeinrotor-blsdeclearance=d stator-bladeaxeawithturbine-inlet
temperature.

Equations(1)to (3)definepossibleequilibriumoperatingpoints
fora givencompressorandturbine.However,beforea simultaneous
solutionoftheseequationswasmade,thecold-airturbinecharacter-
isticsreportedinreference3 werecorrectedforthe T changefrom
coldairtohotgas. Themethodusedisdescribedin appendixA. The
generalmethodusedto solveequations(1)to (3)ispresentedinref-

. erence4. Thecompressorandtheturbineperformancessxeshownin
plotsofthetorquepsmmeter(equation(3))againsta weight-flow

. psmmeter(equation(2))forvsriouspercentagesof designequivalent
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compressorendturbine
sectionsof compressor
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speedinfigures1 and2,respectively.Inter- ‘- “ .
andturbinespeedlinesdefinepossibleoperating

points.Inorderto satisfythespeedconditionNc = Nt,theratioof -
theturbine-inletto thecompressor-inlettemperaturewaacalculatedfor
eachpossibleoperatingpoint.fromequation(l). Thetemperature
ratiosT$/Ti werethenplottedagainsttheturbineweight-flowparam-
eter wtN/6C65forlinesof constantequivalentcompressors~eed.Val-
uesof wtN/6063werethusdeterminedforlinesof constantturbine-
inlettemperatureandcompressorspeed.Correspondingvaluesofthe %
compressorweight-flowparemeterwcN/606z

a
couldthenbe calculated N

fromequation(2)fortheassumedveluesoffuel-airratio,burnerpres-
suredrop,andleakage.Linesof constantturbine-inlettemperature
thusdeterminedareplottedinfigure3 inwhichthe
ratiois shownass,functionof wcN/6052forlines
pressorspeedandcontoursofcompressorefficiency.
stantT~ thusrepresentthesimultaneoussolutions
to (3). Thefourthconditionofexhaust-nozzlearea
fiedto determineanoperatinglinefortheengine.

compressorpressure
of constantcom-
Thelinesof con-
of equations(1)
mustnow be satis- —

.

Determinationofengineoperatinglinesforgivenexhaust-nozzle
areas.- Fora giventurbine-inlettemperature,compressorpressure
ratio,compressorspeed,andweight-flowparameterfromfigure3,the
correspondingturbinepressureratio,o’atlettemperature‘i’‘d ‘m-
bineweightflowmaybe calculatedby equatingthetorqueandtheweight-
flowparametersof figures1 and2, respectively.

8

Whenthecompressorandtheturbinepressureratiosareknownand 4
theconditionsofram-pressureratiopi/PojburnerpressuremoP P~/P~~
andpressuredropinthetailpipe p~/p& ereassumed,thepressure
ratioacrosstheexhauet-nazzleoutletp~pO maybe calculatedfrom
equation(4]. Ifthepressureratiop$/pO is supercritical,aneffec-
tiveexhaust-nozzlemea maybe calculated.fromthefollowingequation:

(5)

Forthesubcriticalcase,a tail-pipeefficiencywascalculatedthat
agreedwiththeassumedvalue p~/p& forchokeflowintheexhaust
nozzle,anda correspondingfinitevalueof ~ was calculated.This
methodispresentedin appendixB. Thevaluesof ~ thuscalculated
wereplottedagainst WcN/6062 forlinesof constantT~. Thevalues
of WcN/6062thusdeterminedforconstantwiluesof ~ md T~ are
plottedinfigure3.

F

“m-%m’!i%%ikkk —
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w
In determiningthe

area,perfectdiffusion
P&/Po= 1.0.

operatinglineforan infiniteexhaust-nozzle
wasassumedjthereforep~/p;= 1.0and

7

Determinationof turbinepowerlimit.- Inorderto furtherdefine
thelimitsof engineoperation,a turbinepower-limitlinewasdeter-
mined.Froma plotof rt/53 againstturbinepressureratio P;/P;

rt/53 md p~p~ wereforlinesof constantN/~, thevaluesof
determinedfortheconditionoflimitingbladeloading(zeroslope).The
linerepresentingthesemaximumvaluesof I’@3 isshowninfigure2.
Theintersectionof!compressor-speedlines(fig.1)withthemaximum-
torueorturbinepower-limitlineoffigure2 determinesthevalueof

7wtN6~3 correspondingto themaximumturbinepower.Theturbinepower-
limitlinecanthusbe plottedonfigure3 by useof equation(2).

Determinationof enginethrustforzeroflightvelocity.-Forzero
flightvelocitythethrustequationis

@5)
thrust=

g
(6)

whereV5 isobtainedfrom

(7)

RESULTSANDDISCUSSION

Engineoperationwithmodifiedcompressorandthree-stageturbine.-
Thematchedperformanceofthecompressorofreference2 designatedas
configurationC withthethree-stageturbineofreference3 ispresented
infigure3(a)foranassumedvalueof wl/wc= 0.00. Thecompressor
performanceispresentedintermsofthecompressorpressureratio
againsta compressorweight-flowparsmeterforUnes of constantper-
centagesof compressorequivalentdesignspeed.Alsoshownis the
compressorsurgeline. Superimposedonthiscompressormaparelines
of constantturbine-inlettemperature,theturbinepower-limitline,
andlineswhichrepresentequilibriumengineoperationforexhaust-
nozzleareasof360,395,420,600,and m squareinches.Theregion

. ofpossibleengineoperationwithoutbleedliestotherightof the
compressorsurgelineandto theleftoftheinfinite-areaandturbine
power-limitlines.Operationintheregionto theleftofthesurge
lineisusuallyundesirable,or evenimpossiblewhentheturbine
pressureratiocorrespondingtotherequired

~~~

— —

turbinepowerexceedsthe



availablecompressorpressureratio.
N

Aboveapproximately83percent
speed,theinfinite-areaoperatinglinecoincideswiththeturbine
power-limitline. Operationtotherightoftheturbinepower-limit - ~
lineisimpossible,becauseinthisregionthepowerrequiredexceeds
thepoweravailablefromtheturbine.Belowapproximately83percent

E

speed,operationintheregionbetweentheinfinite-arealineandthe
turbinepower-lhuitlineisimpossiblefor Pi/Po= 1.0,becausethe
turbinepressureratiocorrespondingto therequiredturbinepower
exceedstheavailablecompressorPressurer@tio- —

At 50percentdesignspeed,onlythe600-square-inchandthe
infinite-areaoperatinglinesliebelowthecompressorsurgeline.As
theenginespeedisincreased,theseoperatinglinesenterthesurge
regionbetween70and76percentequivalentdesignspeed.Alloperating
linesemergefromthesurgeregionbetween79and84percentof design
speed.Theinfinite-sreaoperatinglineentersthesurgeregionat
approximately76percentdesignspeedandemergesfromthesurgeregion
atapproximately79percentofthedesignspeed.Therefore,accelera-
tionto designspeedcannotbe achievedbymerelyoperatingwitha
variableexhaust-nozzlearea. Inorderto acceleratethroughtheinter-
mediatespeedrangewherethedipinthesurgelineoccurs>somemeans
such as bleedmustbe employed.At speedsabove85percentdesign,the
operatinglinesliewellto therightofthesurgeregion.It is inter-
estingto notethattheoperatinglinesinthisregionsrenesrly
vertical(ess”entiellyconstantwcN/6052).Becausetheconstantturbine b
equivalentspeedlinesinthetorqueparameteragainstweight-flow
parameterplotareverticalinthisregion(fig.2),theturbineis
operatingata constantvalueof N/fi. Theoperatinglineforan M
exhaust-nozzleareaof 600squareinchesapproachestheturbinepower-
limitlineat compressorspeedsgreaterthan85percentof compressor
equivalentdesignspeed,becausetheturbine-outletflowareainthe

—

planeofthetrailingedgesisapproximately467squareinches(annulus
areaminustrailing-edgeblockagecorrectedfortheassumedstagnation-
pressurelossinthetailpipe).Whentheexhaust-nozzleareaisequal
to orgreaterthan467squareinchesandthe-availablepressureratio
P:/Po is supercritical,theturbine-outletareawillchoke;thisis —

theconditionof limitingloadingfortheturbine(reference5).
t Consequently,theturbinepower-limitlinerepresentstheequilibrium

operatinglineforallefiaust-nozzleareasequaltoor greaterthen
467squareinchesforchokeflowintheexhaustnozzle.At 100percent
designspeedanddesignturbine-inlettemperature(2160°R),thecom-
presserpressureratiois8.99an~theexhaust-nozzlearea is362square
inches.

Effectofleakageon engineoperation.--Theeffectsofvsxious
specifiedvsluesof leakagewz/wc on engineoperationareshownin
figures3(a)to 3(c).A compressormapwith

N---

superimposedequilibrium
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.
operatinglines,turbine-inlet-temperaturelines,andthe
limitlineis showninfigure3(b)for2 percentleakage.

. haveshiftedtotheri~t, or awayfromthes~ge re@.on.

9

turbinepower-
Theselines
Figure3(c)

showsthecompressor& for5.5percentleakage.Theequilibriaoper-
atinglines,theturbine-inlet-temperaturelines,and.theturbinepower-
limitlinearefurtherawayfromthesurgeregionthantheywerefor
2 percentleakageoperation.Bothfigures3(b]and3(c)showthatthe
shiftintwbine-inlet-temperaturelinesis greaterthantheshiftin
equilibriumoperatinglinesandturbinepower-limitlines.Fora
specifiedcompressorspeedandturbine-inlettemperature,theefiaust-
nozzleareaincreasedandcompressor-pressureratiodecreasedwith
increasingleakage.Theshiftoftheequilibriumoperatinglinesaway
fromthesurgeregionis inthedirectionrequiredforacceleration
throughtheintermediatespeedrsmgearoundthedipin thecompressor
surgeline.Figure3(c),however,showsthatevenwith5.5percent
leakage,the600-square-inchexhaust-nozzle-arealinestillintersects
thecompressorsurgeline. Theleskagerequiredto shiftthe600-square-
inchetiaust-nozzle-areaequilibriumoperatinglinesothatitwould
notintersectthesurgelinewasnotcomputed,becauseoftheadverse
effectof leakageon enginethrustatdesignspeed.

Thepreviousdiscussionshows,ina qualitativemanner,*at hap-
pensto engineoperationwithvariousamountsof leakagebetweenthe
compressorandtheturbine.Thequantitativeeffectsof leakagefor
100percentdesi~ speedonthrust,efiaust-nozzlearea,andcompressor
pressureratioareshowninfigure4 asa functionof turbine-inlet
temperatureT’.

?
ForcaseI (noleakage)anddesignturbine-inlettem-

peratureT+ 2160°R),thecompressorpressureratiois8.98and
fallsprogressivelyto8.80and8.48forcasesII and111(2and
5.5percentleskages),respectively.Thedecreasein compressorpres-
sureratiofora constantspeedandturbine-inlettemperaturemaybe
predictedfromtheconditionof continuitybetweenthecompressorand
theturbineforchokeflowin theturbine.Theexhaust-nozzleareas
necesssryto maintainconstantspeedatdesignturbine-inlettemperature
exe362,368,and400squsreinchesforcases1,II,sndIII,respec-
tively;thesevaluesrepresenta 1.6percentincreaseforcase11 and
a 10.5percentincreaseforcase111. Thedecreasesinthrustfor
cases11 and111atdesigntwbine-inlettemperatureare3.6=d
4.7percent.

On thebasisoftheseresults,itwasconcludedthat,foroptimum
engineperformance,leakageshouldbe minimizedto obtainmsximum
thrustat designspeed.Ifnecessary,as isthecaseofthisengine,
somemeanssuchascompressor-outletbleedshouldbe usedto accelerate

. throughtheintermediatespeedrange.

Thelo-westturbine-inlettemperatureforeachcaserepresents
engineoperationatthepower-limitlinefortheturbine.Itwas
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.

.

assumedthata turbinepressureratioof4.8wassufficientto attain
limitingloadingof theturbine(fig.2). Therefore,enyfurtherreduc-
tioninturbine-inlettemperaturebelowtheminimum values shown
(fig.4) wouldcausetheenginespeedto drop.A*thisconditionof
limitingloadinga furtherincreaseinexhaust-nozzlesxeawouldcause
a decreasein enginethrust.AlthoughP+/P~ islargeenoughfo~lim-
itingloading,P~/Po islessthanthecriticelpressureratiorequired
to choketheefiaust-nozzleareas!.Consequently,theexhaust-nozzle
areasshownaregreaterthanthe467squsreinchescalculatedforlimit- ~
ingloadingandchokeflowintheexhaustnozzle. mml

Componentefficiencies.- ForcaseII (wz/wc= 0.02),thecompo-
nentefficiencieswerecalculatedalongengineoperatinglinesfor —
exhaust-nozzleereasof 600,420j395,and3@3squareinchesandover
a rangeof equivalentenginespeedsfrom50to100percentdesign.The
variationofthecomponentefficiencieswithenginespeedis shownin
figure5.

Low-speedefficienciesareshownforexhaust-nozzleareasof 600
end420squareinches,becauseonlythelugervaluesof ~ allow
engineoperationinthelow-speedrange.Thecompressorefficiency
rangesfrom58to 66percent.Theselowefficienciesforlow-speed
operationerecharacteristicofhigh-pressure-ratiomultistageaxial-
flowcompressors.Duringlow-speedoperationof suchcompressors,the
outletstagesoperatein a low-efficiencyturbiningregionandtheinlet
stagesoperatein a low-efficiencyhigh-angle-of-attackregion.The
turbineefficiencyrangesfrom78to 82percent.

Forengineoperationnearaesignspeed,theefiaust-nozzlearea
canbe reducedto somevaluenear467squareinches.Forchokeflow
intheexhaustnozzle,anareaof appro=”wtely467squareinches
wouldallowoperationalongtheturbinepower-limitlineat a turbine
pressureratiojustsufficientto attainlimitingloadingofthetur-
binerotorblades.Theuseof largerexhaust-nozzleareaswouldallow
a higherturbinepressureratioforthe’ssmelimitingturbineworkand
thereforecausetheturbineefficiencyto decreasewitha corresponding
reductioninenginethrust.

Foroperationabove83percentdesignspeedalongthe395-and
360-square-inchoperatinglines(fig.5),thecompressorefficiency
variesbetween80 and83percentwhereastheturbineefficiencyvsrles
between81.5and83percent.

Operationin surgeregion.- Inthisreport,thecompressorSuxge...
linehasbeenusedasa limitlinerestrictingtheregionofengine
operation.In someengines,operationinthesurgeregionisimpossible.
Suchisbelievedtobe thecasefortheenginediscussedinthisreport. .



Nm
CD
u-l

NACARM E52EL8 U.

.
Oneoperatingpointinthesurgeregionwasobtainedduringthetesting
of a compressordifferingfromthecompressorof thisreportonlyin

. thatthe14ththrough16throtorshada lowersolidtty.Thispoint
is showninfigure6 inwhichcompressorequivalenttorqueisplotted
againstcompressorweight-flowparameterforconstantvsluesof com-
pressorequivalentspeed.Theincipientsurgepointat58percent
equivalentdesignspeedsndthepointinthesurgeregionwerematched
withthethree-stageturbinefor ~1/% = 0.02 andtheengineparam-
eterssrelistedinthefollowingtable:

r= P: P;qll
& q ~ %

(lb-ft)(%) (Sqin.)

58Percent
speed,incip- 2195 1433 1.95 2.13 422
ientsurge

58Percent
speed,point 2380 1878 1.89 1.66 ---
in surge

Comparisonofthesetwopointsshows,forthepointin surge,an. increasein equivalentcompressortorque,anincreaseinturbine-inlet
temperature,a decreaseinturbinepressureratio,anda decreasein
compressorpressureratio.Forthepointin surge,therequiredtur-
binepressureratioexceedsthecompressorpressureratiosothat
equilibriumoperationatthispointisimpossible.It isbelievedthat
engineoperationisimpossibleforallpointsin thesurgeregion.

SUMMARYOFRESULTS

In an investigationofthematchedperformancecharacteristicsof
a 16-stagecompressoranda 3-stsgeturbine,thefollowingresults
wereobtained:

1. Thecompressorsurgelineandtheinfinitee-ust-nozzle-srea
equilibriumoperatinglinerestrictedtheregionofmatchedcompressor-
turbineoperation.

2.Fora specifiedcoaqmessorspeedandturbine-inlettemperature,
exhaust-nozzleareaincreased,compressorpressureratiodecreased,

. andenginethrustdecreasedtithincreasingleakage.

3.Somemeans,suchas compressor-outletbleed,wouldberequired
. forthisengineto acceleratethroughtheintermediatespeedrange.
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4.Operation
467squareinches
efficiencywitha

?YACARME52H18

witha choked-aust-nozzleareagreaterthan
.

resultedinturbinelimitingloadingandlowturbine
correspondingreductioninenginethrust. . —

S.T~bineefficiencyvariedbetween78and82percentforlow-
speedoperationalongthe600-and42@squ~e-inchefiaust-nozzle-~ea.
equilibriumoperatinglines.Thecompressorefficiencyvariedbetween ,

—

58 and66percent.Foroperationabove83percentdesignspeedalong
the395-and360-square-inche~aust-nozzle-sxeaoperatfnglines,the

—

turbineefficiencyvariedbetween81.5and83percentwhereasthecom- m
presserefficiencyvariedbetween80 amd83percent.

a
%

6.Considerationof oneexperimentalpointinthesurgeregion
showedthata matchpointwasimpossiblebecausetheturbinepressure
ratiocorrespondingtotherequiredpowerexceededtheavailablecom-

—

presserpressureratio.

CONCLUDINGREMARKS

Althoughengineleakagebetweenthecompressorandtheturbine
movesequilibriumengineoperatinglinesawayfromthecompressorsurge
lineandthusgivesa largermarginforengineacceleration,itcauses
a decreasein enginethrustatdesignspeedandturbine-inlettempera-
ture. Therefore,,foroptimumenginethrust)leaage~o~dbe ~ni~zed
andsomemethod,suchasenginebleed,shouldbe employedto allowrapid
engineaccelerationfromidleto designspeed.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio

.

.

.

.-
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APPENDIXA

.
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CORREX2TIONOFCOIJ)-AIRTURBINXDATATOHOT-GASCONDITIONS

Themethodusedto determineturbinecharacteristicsforhot-gas
conditionsispresentedintheappendixofreference6. A meanvalue
of T of1.32waschosenandassumedtoremainconstsntovertheentire
operatingregionoftheturbine.

Determinationof equivalenttorqueandpressureratio.- Ifthe
firsttwotermsof equation(3)arerewrittenintermsof equivalent
turbinevarisbles,thefollowingexpressionforequivalenttorqueis
obtained:

Whentheequivs3enttorqueforcold-airandhot-gasconditionsare
equatedandsolvedfor (r~63)e

(Al)

(AZ)

.

Thetorquevalues (l@}. forgivenequival-enttubinespeedmd over-
. sllturbinepressureratio,presentedinfigure7 of reference3,were

multipliedbytheratio ~/Be sndplottedagainstthecorresponding
pressureratiocorrectedfortheassumedchangein y. Thesecurves
wereetirapolatedtotheconditionof Umitingloading(zeroslope).

Determinationof equivalentweight-flowpsxameterwtN/6053.- If
theleftsideof equation(2)isrewrittenintermsof equivalenttur-
binevaidbles

(A3)

Whenthisparameteris equatedforhotsndcoldconditionsandsolved

&):(%)0$
(A4)
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Thevaluesfor (wtN/6053)0werecalculatedfromthedatapresentedin ‘
figure6 ofreference3 andml.tipliedby theratio 13~j3ecorrespond-
ingtotheassumedchangein T. A plotof (17t/53)eagainst(WtH/6~3)e -
forlinesof constantequivalentspeedandpressureratiowasthenmade
(fig.2). Becauseoftheassumptionthat Y remainsconstantoverthe

—

entireoperatingregionoftheturbine,allcriticalsubscriptscanbe
removedandtheequivalentperformanceparametersmaybe expressedin
termsoftemperatureratiosonly.

—

.

.

.

.
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APPENDIXB

CAK!ULATIONOFEXENJST-IJOZZLEAREAFOR

SUWRITICALI’RESSURERATIO

Foranassumedvalueof p;/p~= 0.97,thefollowingequationmay
be written:

(Bl)

ForchokeflowattheeXhaust-nozzlethroat,p~/po @ ~ srethus
determined.Theratioof (@M4]2 isproportionalto theefficieuy
ofthetailpipeandis assumedconstantforsllsubcriticalpressure
ratios.Afterthevalueof M4 isobtainedfrom p~/pO,~ isdeter-
minedandthecorrespondingvalueof (A/& )s maybe obtained.

Thecriticalefiaust-nozzlesrea J&,s maybe calculatedfrom
equation(5)by using T~= T:; ~ forthesubcriticalcaseis

(B2)
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